A cell population with progenitor-like phenotype (CD45-CD34+) resident in human white adipose tissue (WAT) is known to promote the progression of local and metastatic breast cancer and angiogenesis. However, the molecular mechanisms of the interaction have not been elucidated. In this study, we identified two proteins that were significantly upregulated in WAT-derived progenitors after co-culture with breast cancer: granulocytemacrophage colony-stimulating factor (GM-CSF) and matrix metallopeptidase 9 (MMP9). 
Introduction
Postmenopausal breast cancer is one of the leading causes of death in western countries (1) . Epidemiological data indicate that in overweight/obese women breast cancer incidence is increased (2) , prognosis is worsened (3) , and the cancers themselves are more resistant to chemotherapy (4) . White adipose tissue (WAT) promotes the growth of breast cancer in animal models, is abundant in breast tissue, and many of its cells secrete factors having paracrine and endocrine activity (5, 6) . In obese women adipocytes, inflammatory cells and the factors they secrete, are altered (7,8) and promote a breast microenvironment that favors cancer development, growth, migration and angiogenesis (9,10). Use of autologous adipose in breast reconstruction after mastectomy has been reported to increase the breast cancer relapse rate (11, 12) . It is therefore important to identify the molecules that mediate the tumor-promoting activity of WAT, not least because they may be targets for new breast cancer therapies.
WAT includes adult stem cells with progenitor-like phenotype (13, 14) . Progenitor cells have been found to support breast cancer growth and metastasis in preclinical models (15). Progenitors isolated from the WAT stromal vascular fraction consist of two subpopulations: mesenchymal progenitor cells or adipose stem cells (ASCs), and endothelial 6 than two weeks and used for no longer than 15 passages. MMTV-ErbB2+ breast cancer cells from FVB-NK1Mul/J mice were isolated and cultured as described elsewhere (22).
Breast cancer cells and WAT CD45-CD34+ cells were cultured together on collagencoated 6-well plates (Corning, NY) (0.8x10 6 cells each) for 72 hours in EBM-2 medium (Lonza), supplemented with 0.5% gentamycin (Thermo Fisher Scientific). Transwell cocultures were obtained using 0.4µm transwell permeable inserts (Corning). Alternatively, the different cell types were seeded together on collagen coating. After culturing, culture media were collected, briefly centrifuged to remove cell debris and stored at -20°C. The cells themselves were detached with Accutase (Sigma-Aldrich) and lysed in RLT Buffer (Qiagen).
The following drugs or monoclonal antibodies (MoAbs) were added directly to culture media: metformin hydrochloride (Sigma-Aldrich) 2mM-10mM; bortezomib (Sigma-Aldrich) 3nM-50nM; anti-human IL-1β MoAb (#MAB201, R&D systems, MN, US) 0.2µg/ml-0.5µg/ml; anti-human GM-CSF MoAb (#sc-377039, Santa Cruz Biotechnology, TX,US) 0.5µg/ml-1µg/ml; SB-3CT (#S1326, Sigma-Aldrich) 0.5µM-1µM. For each set of experiments, appropriate control solutions were added to the culture medium (IgG MoAb or dimethyl sulfoxide (DMSO) for bortezomib and SB-3CT).
In vivo experiments
In vivo experiments were carried out in accordance with Italian legislation and institutional guidelines. Mice were bred and housed in pathogen-free conditions. Xenografts were generated as described elsewhere (15). Six-to-eight week-old NODSCIDIL2Rγnull (NSG) female mice (12 per study arm) were injected (mammary fat pad) with 1x10 6 human breast cancer (hBC) cells (MDA-MB-436, MDA-MB-231 or HCC1937) alone or in combination with 0.2x10 6 human CD45-CD34+ WAT cells. Five mice were injected with human CD45-CD34+ cells alone as negative controls. In another set of experiments half the mice were given high-dose metformin (drinking water, 2mg/ml) three days after injection (12 per study arm) until sacrifice. Tumor growth was assessed weekly using digital calipers to determine width (W mm) and length (L mm): volume (mm 3 ) was calculated as LxW 2 /2.
Serum or plasma was prepared from blood collected every two weeks from the animals' tail vein; EDTA was added to plasma. Plasma levels of hGM-CSF were determined with high sensitivity (HS) ELISA (#HSGM0, R&D). Serum levels of cholesterol, triglycerides and glucose were determined with Architect c8000 (Abbott, IL, US). When tumors reached 1.2 cm diameter, the animals were killed by CO 2 inhalation.
8 dissolution in PBS containing 0.1%Tween20 and 10%DMSO. Injections were administered every other day until sacrifice. In controls, 50µg MoAb rat IgG2a (#BE0089, BioXcell) or PBS-0.1%Tween20-10%DMSO, or both, were administered (same schedule).
Five mice were administered high-dose metformin (2mg/ml in drinking water) three days after tumor injection, until sacrifice.
Tumor growth was assessed weekly. Blood was collected monthly from the tail vein, and circulating immune cells were determined by multiparametric flow cytometry (Table S1 ).
When tumors reached 1.2 cm the mice were either sacrificed or the tumor was removed (mastectomy). After mastectomy, the animals were sacrificed 30 days (MMTV-ErbB2+ 
Flow cytometry
At least 500,000 cells per sample were acquired using a 3-laser flow cytometer (Navios, 
Immunofluorescence and confocal microscopy
Immunofluorescence studies were performed as described previously (21). Samples were incubated with rabbit polyclonal anti-mouse CD31 (1:20, #ab28364, Abcam) and mouse monoclonal anti-alpha smooth muscle actin (αSMA,1:3000, #A2547, Sigma-Aldrich).
Secondary antibodies were Alexa Fluor 555 goat anti-mouse IgG2a, and Alexa Fluor 488
Research. donkey anti-rabbit IgG2a (1:200, Thermo Fisher Scientific).Nuclei were revealed with 4′,6-diamino-2-phenylindole (DAPI, Sigma-Aldrich). As negative controls primary antibodies were omitted. Images were captured with a SP5 II confocal microscope (Leica), x20 objective, and optical configuration as described previously (21). Blood vessel density was quantified with ImageJ software. 
Statistical analysis

Results
GM-CSF and MMP9 are up-regulated in WAT progenitors co-cultured with breast cancer cells
Co-cultures of purified WAT progenitors (CD45-CD34+) with breast cancer cell lines were analyzed for soluble factors. Two secreted molecules were found up-regulated compared to single cultures: GM-CSF and MMP9 (Fig. 1A) . Up-regulation was confirmed by ELISA (GM-CSF) and Western blot (MMP9) in WAT progenitors from 15 women cultured with various human triple-negative breast cancer (TNBC) cell lines (Fig. 1B-D) . TNBC cells expressed considerably higher baseline levels of GM-CSF than WAT cells cultured alone (Fig. 1B) . Zymography revealed increased MMP9 activity in direct co-cultures, consistent with the greater expression found on Western blot (Fig. 1C) . Transcriptional analysis showed that WAT progenitors were the primary source of GM-CSF and MMP9 in cocultures (Fig. 1E,F) . Co-culture of murine WAT (mWAT) CD45-CD34+ progenitors with human breast cancer (hBC) further supported these findings since only murine transcripts were up-regulated (Fig. S1A,B) .
To assess GM-CSF and MMP9 specific induction in WAT progenitors, in additional experiments we co-cultured human WAT-derived hematopoietic cells (CD45+CD34-) and WAT progenitors (CD45-CD34+) with hBC cells. The CD45+CD34-population, which constitutes the main part of the stromal vascular fraction, is increased in WAT from obese persons (9). Up-regulation of GM-CSF and MMP9 mRNA did not occur in CD45+CD34-cells on exposure to breast cancer cells, but did occur in CD45-CD34+ cells (Fig. S1C) .
As we reported previously (16), two progenitor sub-populations are present in the CD45-CD34+ fraction of WAT: ASCs (CD45-CD34+CD31-) and ECs (CD45-CD34+CD31+).
When cultured alone ASCs and ECs did not express detectable levels of GM-CSF, but on co-culturing with breast cancer cells, GM-CSF was significantly up-regulated in both ASCs and ECs (Fig. S1D) .
Although ECs expressed higher baseline levels of MMP9 than ASCs, MMP9 release was significantly increased when both progenitors were co-cultured with breast cancer cells (Fig. S1E) . We also found that transcripts of GM-CSF and MMP9 were up-regulated in ECs and ASCs when co-cultured with breast cancer cells (Fig. S1F) . Thus both ASCs and ECs contribute to greater production of GM-CSF and MMP9 in WAT progenitors when exposed to breast cancer cells.
Inhibition of GM-CSF and MMP9 release from co-cultured WAT progenitors
Monoclonal antibodies or inhibitors affecting putative upstream regulatory pathways, as identified in previous studies (27) (28) (29) , were investigated. These were added to co-cultures to determine whether they inhibited GM-CSF or MMP9 release (Fig. 2) . The NF-κB regulatory pathway was inhibited by bortezomib using concentrations that did not affect cell viability (data not shown). IL-1β signaling was blocked by anti-human IL-1β MoAb. SB-3CT (irreversible inhibitor MMP9) and anti-hGM-CSF MoAb were used to exclude reciprocal regulation. Bortezomib was found not to impair GM-CSF or MMP9 expression in co-cultures of breast cancer cells and WAT progenitors ( Fig. 2A-E) . However, IL-1β neutralization impaired MMP9 release in direct co-cultures (Fig. 2B) and MMP9 transcript expression in WAT progenitors (Fig. 2E) . Neither IL-1β neutralization ( Fig. 2A,D) nor SB-3CT ( Fig. 2A) had any effect on GM-CSF release. However GM-CSF release was impaired by GM-CSF neutralization in co-cultures ( Fig. 2A) . GM-CSF neutralization also resulted in dose-dependent reduction in MMP9 release (Fig. 2C) . qRT-PCR provided additional support for this finding since GM-CSF and MMP9 transcripts were reduced in WAT progenitors after GM-CSF neutralization (Fig. 2D,E) . These results suggest that GM- 
GM-CSF and MMP9 are up-regulated in xenograft and spontaneous breast cancer models
The expression of human GM-CSF (hGM-CSF) and human MMP9 (hMMP9) was assessed in xenograft models of TNBC. NSG mice were injected with TNBC cells alone or with hWAT CD45-CD34+ progenitors ( Fig. S2A-C) . Circulating hGM-CSF was quantified by ELISA and found to be significantly higher in co-injected (hWAT+hBC) than singleinjected (hBC) mice ( Fig. 3A; Fig. S2D ). Mice injected with hWAT progenitors were used as negative controls to support the specificity of the assay.
hMMP9 expression was also investigated in tumors and was found at higher levels in coinjected (hBC+hWAT) than single-injected tumors ( Fig. 3B; Fig. S2E ). The full-length precursor (pro-MMP9, 92kDa) and cleaved (active) MMP9 forms (82kDa or 67kDa) were up-regulated in whole tumor lysates from co-injected mice, with the biologically-active 67kDa form expressed most prominently. Zymography showed that MMP9 had greater enzymatic activity in co-injected tumors (Fig. 3B) .
qRT-PCR of breast cancer cells isolated from mouse tumors did not indicate significant induction of GM-CSF or MMP9 transcripts, suggesting that WAT progenitors were secreting these proteins (Fig. 3C) . To provide support for this supposition, mWAT CD45-CD34+ progenitors were isolated from transgenic tumor-bearing mice (MMTV-PyMT).
These cells were compared to mWAT progenitors collected from wild type (WT) mice of the same age and sex. It was found the GM-CSF and MMP9 transcripts were significantly up-regulated in WAT from transgenic mice compared to WAT from WT mice (Fig. S3A) .
Protein release was also significantly greater in WAT from transgenic mice ( indicating that in vivo, up-regulation of these proteins in adipose progenitors depends on the presence of breast cancer.
GM-CSF knockdown in breast cancer cells prevents the pro-tumorigenic effects of WAT progenitors
GM-CSF was identified in vitro as a potential up-stream regulator of both GM-CSF and MMP9 production in WAT progenitors. To provide further evidence on this, lentiviral vectors were used to knockdown GM-CSF in the MDA-MB-436 TNBC cell line. shGM-CSF hBC cells were injected into NSG mice alone or together with hWAT progenitors. GM-CSF knockdown in tumors was demonstrated by qRT-PCR (Fig. 3D) . Tumor growth in coinjected (hBC+hWAT) mice was significantly impaired when GM-CSF knockdown cells were used, compared to scramble, and did not differ from that in single-injected (hBC) mice (Fig. 3E ). There were also fewer metastatic foci in lungs in GM-CSF knockdown hBC cells (Fig. 3F) . These data indicate that breast cancer-derived GM-CSF supports local tumor growth and metastatic progression in preclinical models. Plasma hGM-CSF was significantly reduced after GM-CSF knockdown in both single-and co-injected mice (Fig.   3G ). Thus, GM-CSF released from breast cancer cells is required to support GM-CSF production in WAT progenitors. Our data also indicate that GM-CSF is an up-stream regulator of MMP9 since we found that hMMP9 protein levels in tumor lysate were significantly lower in GM-CSF knockdown tumors compared to scramble in co-injected mice (Fig. 3H) . (Fig. S4A) . BALB/c mice have been reported as more resistant to obesity than FVB mice, although they have similar adiposity (30) . After tumor injection, the animals were administered anti-mGM-CSF MoAb, SB-3CT (MMP9 inhibitor), or both. Mouse weight was unaffected by these treatments (data not shown). Preliminary experiments (using IgG2a MoAb or vehicle as controls) showed that both anti-mGM-CSF MoAb and SB-3CT reduced tumor volume and metastatic spread in obese mice (Fig. S4B,C) . Administration of GM-CSF and MMP9 inhibitors together revealed they acted synergistically to reduce local breast tumor growth in MMTV-ErbB2+ breast cancer (Fig. 4A) . Metastatic spread to lungs was investigated 30 days after mastectomy. Administration of both inhibitors together had the best efficacy in reducing metastatic spread (p<0.001, Fig. 4B ).
In the other obese model of breast cancer (4T1-injected Balb/c) tumor growth was significantly reduced by GM-CSF neutralization and MMP9 inhibition (p<0.001, Fig. 4C ).
SB-3CT was the most effective in reducing lung metastases in this model (p<0.01, Fig.   4D ). Spleens from these mice were less enlarged (lower weight) than those from IgG2a+vehicle controls (p<0.01, Fig. 4E ). These findings indicate that GM-CSF and MMP9 are involved in the local and metastatic growth of triple negative and ErbB2 overexpressing breast cancers in diet-induced obese mice. 
GM-CSF neutralization and MMP9 inhibition impair neoplastic angiogenesis in vivo
GM-CSF and MMP9 are known modulators of angiogenesis. GM-CSF influences angiogenesis by regulating the coordinated expression of VEGF (31); MMP9 triggers the angiogenic switch during carcinogenesis (32) . To investigate whether angiogenesis is affected by GM-CSF neutralization or MMP9 inhibition, we performed double immunefluorescence analysis, staining endothelial cells (CD31+ cells) and pericytes (αSMA+ cells) in tumors from obese mice. In both models, GM-CSF neutralization and MMP9 inhibition resulted in strong inhibition of intratumoral angiogenesis, with significantly (p<0.01) lower microvessel density (MVD) (Fig. 5A-C) . Use of both inhibitors together further impaired tumor angiogenesis, suggesting that both factors are crucially involved in breast cancer neovascularization. Use of both inhibitors did not affect the ratio of αSMA+ to CD31+ blood vessels, but did preferentially target αSMA+ cells (Fig. 5D) .
GM-CSF promotes an immunosuppressive microenvironment, possibly leading to tumor immune escape
Multiparametric flow cytometry was used to investigate immune cells (for gating strategy see Fig. S4D ). Peripheral blood, tumors, and peritumoral WAT were collected from obese tumor-bearing mice. A month after starting GM-CSF neutralization, the number of circulating monocytes was found to be significantly lowered in GM-CSF-neutralized mice, compared to controls (CTR) administered IgG2a MoAb (Fig. 5E) . Immunosuppressive cells were also significantly reduced by GM-CSF neutralization in tumors and peritumoral WAT: T-regulatory (T-reg) cells and granulocytic (G)-MDSCs were reduced in tumors and WAT ( Fig. 5F-G) , whereas monocytic (M)-MDSCs were reduced in tumors only (Fig. 5F ).
Macrophage and TAM infiltration was also significantly reduced by GM-CSF neutralization.
Research. Taken together, these findings suggest that GM-CSF is able to promote the recruitment of immunosuppressive cells to the tumor microenvironment, to thereby promote immune escape by tumor cells. By contrast, MMP9 inhibition (SB-3CT) had no effect on immune cells in peripheral blood, WAT or tumors (data not shown).
To further investigate immunosuppression, WAT and tumor cells from GM-CSFneutralized mice were analyzed by qRT-PCR. In comparison to IgG2a controls, transcripts of several immunosuppressive factors were downregulated, including IL-10, IL-5, CXCL5, CCL22, CCL4, CXCR5 and CD274 (PD-L1) (Fig. S4E) . GM-CSF neutralization more profoundly reduced the expression of these genes in WAT than tumor cells. It is noteworthy that GM-CSF and IL-1β gene expression was also downregulated in WAT and tumors, providing in vivo support to the GM-CSF regulation observed in vitro.
Metformin inhibits GM-CSF and MMP9 release in vitro
The antidiabetic drug metformin has been reported to inhibit the onset of several breast cancer subtypes in diabetic patients, especially those who are obese (18,19). The drug targets neoplastic and microenvironment cells, including endothelial cells and WATderived progenitors (17,21). Metformin was added directly to in vitro co-cultures to determine whether it affects GM-CSF and MMP9 release. Metformin was added at the concentration 5mM -a level at which cells remained viable at 72 hours (Fig. S5A,B) . GM-CSF and MMP9 release was reduced in co-culture media to which metformin had been added, but not in single cell cultures (Fig. 6A,B) . As expected, zymography showed reduced MMP9 enzymatic activity in the presence of metformin (Fig. 6C) . GM-CSF and MMP9 transcript levels were unaffected by metformin (data not shown), suggesting that metformin does not affect the expression of these proteins at the transcriptional level.
Research. 
Metformin reduces hGM-CSF and hMMP9 expression in xenograft models
Xenograft NSG mice, injected with hBC cells alone or with CD45-CD34+ hWAT progenitors, were given metformin in drinking water (2mg/ml) at a higher dosage than that used in diabetic patients, but found to be effective and non-toxic in preclinical models of breast cancer (21). Neither mouse weight, nor serum levels of glucose, cholesterol or triglycerides were significantly affected by the drug (data not shown). As expected in this model (21), tumor growth was significantly reduced (Fig. S5C) . Plasma levels of hGM-CSF were reduced in metformin-administered mice, compared to controls (Fig. 6D) . hMMP9 expression in whole tumor lysates, previously shown to be up-regulated in hBC-hWAT coinjected mice, was reduced in metformin-treated mice (Fig. 6E) . By contrast, metformin did not reduce hMMP9 expression in tumor lysates from single-injected (hBC) mice, in fact pro-MMP9 levels were higher in metformin-administered mice (Fig. 6E) .
Metformin reduces angiogenesis and breast cancer progression in obese syngeneic models
Since metformin reduces GM-CSF and MMP9 release in vitro and in vivo, we investigated the effect of the drug in obese syngeneic models of breast cancer. Mice were administered either metformin, anti-mGM-CSF MoAb or SB-3CT (Fig. 7) . These treatments significantly reduced local breast cancer growth (tumor volume) compared to control, with GM-CSFneutralization achieving a greater (not significant) reduction (Fig. 7A) . Metastases in lungs were significantly reduced in treated mice (p<0.01, Fig. 7B ).
Quantification of intratumoral CD31+αSMA+ blood vessels indicated that metformin was more effective (p<0.001) in reducing angiogenesis than GM-CSF neutralization or MMP9 inhibition (p<0.01) (Fig. 7C) 
immunosuppressive populations, including T-regs and TAMs, were downregulated in peritumoral WAT, whereas G-MDSCs were strongly downregulated in tumors. Metformin significantly reduced the presence of inflammatory monocytes in both tumors and peritumoral WAT, providing further evidence of its anti-inflammatory activity. These findings suggest that GM-CSF and MMP9 might be previously unrecognized targets of metformin, which would explain some of its anti-tumor effects in breast cancer preclinical models.
Discussion
We investigated interactions between breast cancer cells and CD45-CD34+ WAT progenitors because the latter promote tumor growth, metastasis and angiogenesis in preclinical breast cancer models (15,16). We found that the proteins GM-CSF and MMP9
were significantly upregulated in murine and human WAT progenitors on exposure to a variety of breast cancer cell types in vitro and in vivo. These proteins were not upregulated regulation. Thus, GM-CSF has been reported to up-regulate MMP9 in squamous cell carcinoma (29) , and GM-CSF feedback regulation has been reported in myeloid cells (36).
Considering that CD116, the GM-CSF receptor, is expressed on myeloid cells (36), we are now investigating why WAT progenitors do not produce GM-CSF and MMP9 in isolation but only when co-cultured, and the role of CD116 expression in obesity and WATembedded tumors.
To further explore the roles of GM-CSF and MMP9 in promoting breast cancer we examined the effects of inhibiting these proteins in a syngeneic breast cancer model generated in immune-competent obese mice. Obese mice were used because WAT progenitors are markedly increased in adipose tissue in obesity (17). Use of immunecompetent animals allowed us to investigate the effect of GM-CSF on immune cells. We found that both GM-CSF neutralization and MMP9 inhibition significantly reduced tumor volume and number of metastases. However these anti-tumor effects may not be due Some recent data suggest that while angiogenesis inhibitors may suppress growth of primary tumors, they might also push the tumor into a more aggressive metastatic state (37). Accordingly, more studies in different models would be useful to better investigate the role of GM-CSF and MMP9 blockade in cancer local and metastatic progression.
Myeloid cells are known to be targeted by GM-CSF, which has been identified as a macrophage chemoattractant in the presence of WAT inflammation (28) . In our models, GM-CSF neutralization was associated with reduced numbers of monocytes in PB, and The prominent pro-tumorigenic effect of GM-CSF found in our obese syngeneic models is consistent with recent findings that GM-CSF ablation in in vitro primary pancreatic cancer cells resulted in defeated immune escape (44) . Nevertheless the tumor-promoting effects of GM-CSF are surprising when considered alongside current therapeutic applications of GM-CSF such as hematopoietic stem cell mobilization (45) and immunotherapy (46). However many GM-CSF effects are dose-and context-dependent (47), Eubank et al (48) have reported opposite effects of GM-CSF in a different breast cancer model, thus the quantity of GM-CSF present in the tumor microenvironment may determine its biological effects on WAT progenitors.
As regards MMP9 inhibition, achieved by administration of SB-3CT, we found that this was associated with significant reduction in tumor progression in obese preclinical models.
However, in general MMP inhibitors have failed to produce beneficial effects in cancer patients (49) . This may be due to enrollment of patients with late-stage disease, whereas E. Representative Western blots of whole tumor lysates from single-(hBC) or co-injected (hBC+hWAT) mice (1:500, anti-hMMP9) treated or not treated with metformin. Precursor (92kDa) and active (67kDa) hMMP9 levels are reduced in lysates from metformin-treated mice. Beta actin was loading control (42kDa; 1:5000). 
Figure 7
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